Cystic fibrosis {#sec1}
===============

Cystic fibrosis (OMIM [219700](219700){#intref0010}) is an autosomal recessive disease caused by mutations in CFTR, a 1480 amino acid-long anion transporter[@bib1], [@bib2] ([Fig. 1](#fig1){ref-type="fig"}). Cystic fibrosis causes severe impairment of lung function, serious pathology of the pancreas and gut, male infertility and reduced growth. The disease affects about 70,000 individuals worldwide, and is more prevalent in people of Northern European descent.[@bib3]Figure 1The structure of the human CFTR transcription unit, coding sequence and protein. The CFTR transcription unit is slightly less than 189,000 bases long with 27 exons. The most common disease-causing mutations are shown, as are three intronic mutations which lead to aberrant splicing (arrows). The CFTR protein forms a membrane channel with twelve transmembrane domains (TM), two nucleotide-binding domains (NBD1 and NBD2) and a regulatory domain (R).Figure 1

The most common mutation (70% allele frequency with ∼50% of patients homozygous for this allele) is an in-frame deletion of a phenylalanine (F508del, also known as ΔF508) which impairs protein folding, maturation and transport to the surface of the cell. The remaining disease-causing mutations are diverse nonsense, missense, partial duplication and splice site mutations.[@bib1], [@bib2] The severity of the disease varies both with the CFTR allele and with variants elsewhere in the genome.[@bib4], [@bib5]

Absence of the anion channel CFTR (cystic fibrosis transmembrane conductance regulator) causes electrolyte and transepithelial fluid imbalance resulting in viscous mucus along the epithelial lining of organs impairing both the pulmonary and gastrointestinal systems. The difficult-to-clear, thick sticky airway mucus in patients with cystic fibrosis contributes to lung infections and inflammation eventually leading to lung failure. Early pancreatic duct obstruction causes pancreatic insufficiency (PI), which is common is CF patients (∼85%), leading to impaired secretion of digestive enzymes, disrupting digestion, absorption and growth. PI, along with excessive mucus in the intestine, leads to intestinal obstructions in CF such as meconium ileus, distal intestinal obstruction syndrome and constipation.[@bib6]

Survival and quality of life for cystic fibrosis patients have improved with the development of therapies, with some of the most significant resulting from pancreatic enzyme replacement and, more recently, CFTR modulators.[@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14] The FDA-approved CFTR modulator drugs have two different mechanisms of action: correctors increase the amount of protein which makes it to the cell surface (VX-809 or lumacaftor and VX-661 or tezacaftor), and potentiators which improve channel function (VX-770 or ivacaftor).

New drugs (VX-445 and VX-659) that increase CFTR at the cell surface by a mechanism complementary to the first generation of correctors have been developed. The two types of corrector and the potentiator have additive effects in cells and the triple combination therapies have been shown to be safe and efficacious in clinical trials.[@bib13], [@bib14]

The treatments for cystic fibrosis are expensive, and the associated therapies are time-consuming. Moreover, an estimated 10% of patients will not be responsive to these classes of drugs, most notably the nonsense mutations which eliminate protein expression. The hope is that somatic gene editing would provide a one-time cure, without the need for continuous expensive and time-consuming therapies. Although the costs of gene editing therapies are likely to be high (current gene therapies, for example, cost about \$1 million), a successful one-time cure would be cheaper than continuous drug therapy at current prices (about \$250,000 per year).

In the following few sections, the mechanisms of gene editing are described to illuminate why current editors have limitations for therapeutic application to cystic fibrosis, and how these limitations will be overcome.

The origins of gene editing {#sec2}
===========================

It was studies in yeast that laid the foundation for gene editing.[@bib15] Although this work was focused on the mechanisms of DNA repair, it showed that gene editing would be possible if one could direct DNA double-strand breaks to a single site in the genome.

Haploid baker\'s yeast (S. cerevisiae) can switch sex (mating type) at every division.[@bib16] The mRNA for HO endonuclease segregates into the daughter cell, where the HO protein cuts a single site in the daughter-cell genome. This DNA double-strand break leads to replacement of sequences around the break with DNA from donor sites, one donor for each sex. The sequences of both DNA donors have homology to the recipient site. Once incorporated into the mating type locus, the recombined DNA is expressed as a protein which determines the mating type.

James Haber and his laboratory used the HO-induced break to study the mechanisms of DNA repair.[@bib15] There were experimental advantages to studying DNA repair at one specific site rather than at multiple, arbitrary sites in the genome as induced by DNA damaging agents. The Haber lab determined the components and mechanism of homologous recombination (HR) that lead to local sequence replacement. Haber also showed that DNA repair by a second mechanism\--non-homologous end-joining (NHEJ)\--can generate small insertions and deletions (indels) at the DNA double-strand break. Subsequently, Maria Jasin engineered mammalian tissue culture cells to have a single site for a meganuclease called I-SceI.[@bib17] Jasin was able to show that the same two repair mechanisms (NHEJ and HR) are at work in mammalian cells. The investigations of Haber and Jasin led to the prediction that if one could program DNA endonucleases to cut at desired sites in the genome, one could use cells\' DNA repair machinery to mutate any gene with NHEJ, and could direct desired sequence changes by HR at the DNA double-strand break.

This prediction was fulfilled shortly after when designer nucleases were developed. Four different families of designer nucleases have been developed: meganucleases, zinc finger nucleases (ZFNs), TALE nucleases (TALENs) and CRISPR/Cas nucleases.[@bib18], [@bib19] All four types of nuclease can be programmed to create double-strand breaks at sequences sufficiently long and complex to be unique in the genome. All four families of nuclease have been used for gene editing. However, these designer nucleases differ in their ease of programming with CRISPR/Cas nucleases by far the easiest to program. It was their simplicity of design which led to widespread adoption in basic research, which in turn led to further improvements in specificity and activity, making them candidates for therapeutic use.[@bib20], [@bib21]

What is CRISPR/Cas? {#sec3}
===================

In bacteria and archaea, CRISPR/Cas is a diverse set of adaptive immune systems which battles infections by degrading nucleic acids.[@bib22], [@bib23] Cas9 is one of the nucleases of CRISPR/Cas, an RNA-guided DNA endonuclease.[@bib24] The infectious nucleic acid is degraded if a short segment of its sequence is represented in the cell\'s Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR). Transcripts of CRISPR are processed into short RNAs which have complementary segments to the infectious nucleic acids. The short RNAs bind to an endonuclease (Cas9 in some systems) and hybridize to the incoming nucleic acids, activating a nuclease to trigger degradation. New sequences can be added to the array in a nonlethal infection, for example those in which the host\'s Restriction-Modification system, a second non-adaptive nuclease-based immune system, inactivated the phage.[@bib25] Sequences in the host CRISPR are not cut because the genomic versions lack a short, shared motif adjacent to the unique sequence. This short motif, or proto-spacer adjacent motif (PAM), is present in the original infectious DNA, but is not copied into the genome. A PAM sequence can be very simple, for example NGG. The absence or presence of the PAM sequence is the determinant by which the cell distinguishes self from non-self.

Genes adjacent to CRISPR\--the CRISPR associated (Cas) genes\--encode the proteins necessary for acquisition of new sequences and execution of immunity.[@bib22], [@bib23] The endonuclease most frequently used by researchers, Cas9, is an RNA-guided DNA endonuclease from Streptococcus pyogenes, a strep throat bacterium.[@bib24] Sp Cas9 has practical advantages over some other CRISPR nucleases in that it is a single protein, and it has high activity and specificity at mammalian body temperature. There are many different CRISPR systems to be explored which may be a source of nucleases with their own unique and advantageous properties that can be utilized for future gene editing strategies.

How Cas9 cuts DNA in a sequence-specific manner {#sec4}
===============================================

The mechanism of Cas9\'s endonuclease activity determines both its specificity and mutagenicity[@bib24] ([Fig. 2](#fig2){ref-type="fig"}). Cas9 is a large (1368 amino acids) protein with several functional domains. When Cas9 binds a guide RNA (gRNA), Cas9\'s C-terminal domain gains the ability bind to double-stranded DNA with a PAM (NGG in Cas9).[@bib24] When binding the PAM, Cas9 induces a kink in the DNA strand complementary to the NGG ([Fig. 2](#fig2){ref-type="fig"}a). This kink locally melts the DNA double helix and frees the bases of the kinked strand to rotate and attempt to pair with the gRNA ([Fig. 2](#fig2){ref-type="fig"}b). If hybridization occurs between the nucleotides in the free strand adjacent to the PAM, then the DNA strands separate and hybridization with the remainder of the guide is attempted ([Fig. 2](#fig2){ref-type="fig"}c). If hybridization is complete through the entire 20 base pairs of the gRNA, then Cas9\'s two nuclease domains (the HNH--- and RuvC-like nuclease domains) are activated[@bib24] ([Fig. 2](#fig2){ref-type="fig"}d). Each DNA strand is cut close to the PAM, within the region bound by the gRNA. The DNA strand paired with the gRNA is cut 3 nucleotides away from the PAM, while the unhybridized strand is cut 3 to 6 nucleotides away.[@bib26], [@bib27], [@bib28], [@bib29] The location of the cut on the free DNA strand varies with the target sequence. In some cases, Cas9 only cuts at one position, while in others Cas9 cuts at several. Thus, although the break made by Cas9 is commonly thought of as a double-strand break, in many cases it is not a clean, blunt-ended break, but has short 5′ overhangs ([Fig. 2](#fig2){ref-type="fig"}e). The ragged break contributes to Cas9\'s mutagenicity by preferentially engaging the error-prone alternative NHEJ repair pathway, instead of the more accurate, canonical NHEJ pathway.[@bib29]Figure 2Cas9 sequence recognition and cleavage. a) The complex of Cas9 protein and guide RNA bind DNA at the sequence NGG (the protospacer-adjacent motif or PAM). b--c) If the DNA strand opposite NGG and immediately downstream can base-pair with the guide RNA, then hybridization with the remainder of the guide RNA is attempted. c--d) If hybridization to the guide RNA is complete, then the two nuclease domains of Cas9 are activated. The HNH nuclease domain of Cas9 cuts the DNA strand paired with the guide RNA 3 nucleotides from the PAM. The Cas9 RuvC nuclease domain cuts the unpaired strand 3 to 6 nucleotides from the PAM. e) The most frequent product is a DNA double-strand break with short 5′ overhangs.Figure 2

The sequence specificity of Cas9 is related to the sequence of molecular events: the earlier the event, the more essential it is for Cas9 activity.[@bib24] Cas9 will not bind a PAM without first binding a guide RNA, PAM binding is required before hybridization to the seed, and seed hybridization is required for hybridization at the 5′ half of the guide RNA. Thus, for nuclease activation, a gRNA is absolutely required, PAM binding is absolutely required, stable hybridization to seed sequences is very important, and stable hybridization to the remainder of the gRNA is important, but less so than the preceding step.

Although prediction of off-target activity has some subtleties, usually only one or two sequence mismatches are compatible with nuclease activation and only if the mismatches are outside the seed.[@bib30], [@bib31], [@bib32] Together, this results in zero nuclease activity at unrelated sites, and off-target cutting only at sites having a PAM and closely related sequences adjacent to the PAM. This means that off-target cutting and mutagenesis is predictable, and can either be avoided by selection of appropriate targets or at least monitored if unavoidable.

From site-specific cut to site-specific mutagenesis {#sec5}
===================================================

The Cas9-generated DNA break can be repaired accurately, and likely is repaired accurately most of the time. But, if Cas9 and guide RNA are present after the repair, precise repairs can be cut again. Thus, there may be cycles of cutting and repair while the cell is arrested by cell cycle checkpoint. The cycles of cutting and repair and cell cycle checkpoint are escaped when an error arises which prevents further cutting, releasing the cell to propagate a mutation.

Most frequently, the mutation which arises from a Cas9-generated double-strand break is a small deletion of less than 10 base pairs[@bib33], [@bib34], [@bib35] ([Fig. 3](#fig3){ref-type="fig"}). The nature of some deletions is consistent with cellular enzymes removing the 5′ overhangs and ligating the two ends.[@bib26], [@bib27], [@bib28], [@bib29] In other cases, double-strand breaks are repaired by microhomology-mediated end joining, where short sequences at the break are recombined with local similar sequence to generate deletions.Figure 3The repair of DNA double-strand breaks generated by Cas9 occurs by multiple pathways that can lead to correction, insertion and deletion. The break can be bridged by hybridization with a transduced single-stranded oligonucleotide (HDR, top left), the overhangs of the double strand break are removed by exonucleolytic digestion followed by DNA synthesis and ligation leading to correction if nucleotide substitutions (in red) are included in the oligonucleotide. Small insertions (NHEJ, top right) can occur if the 5′ overhangs are filled in by cellular DNA synthesis, followed by ligation. Small deletions (NHEJ, bottom left) can occur if the overhangs are digested and the DNA ends ligated. Large deletions (MMEJ, bottom right) can occur if microhomologous sequences on either side of the break are recognized, leading to pairing and ligation.Figure 3

Small insertions occur less frequently, and typically are duplications of a few nucleotides at the break.[@bib26], [@bib27], [@bib28], [@bib29] In this case, cellular polymerases fill in both 5′ overhangs at the ends before ligation, leading to duplication of the nucleotides which were present in the overhangs.

When surveyed across many guide RNAs, indels appear somewhat random. However, some guide RNAs lead to highly reproducible mutations, while others have a more varied pattern. The nonrandom spectrum of indels generated by a given gRNA can mean that gRNAs cannot be assumed to generate null alleles by frameshift mutations, and indel patterns need to be empirically determined for each guide. Larger deletions, constituting up to 10% of all Cas9-induced mutations also occur.[@bib36] The mechanism that leads to the larger deletions may be microhomology-mediated end-joining (MMEJ), which generates deletions between very short homologous sequences on either side of the break.

When specific sequence changes are required, a single-stranded DNA oligonucleotide which can bridge the break is introduced at the same time as Cas9 and the gRNA.[@bib37] The oligonucleotide is designed to match sequences on both sides, but incorporates desired sequence changes. The likelihood that a new nucleotide will be incorporated into the final sequence is greatest if the change is within a handful of nucleotides of the break.[@bib38] This strong distance-dependence may be due to mismatch repair and processive cellular exonucleases. If DNA adjacent to the break is not removed, hybridization of the oligonucleotide with the endogenous strand will result in a mismatched base pair. The mismatched base will be preferentially removed from the oligonucleotide by mismatch repair, which is biased to preserve the "older" strand.

Recombination with the single-stranded oligonucleotide around the double-strand break is mechanistically distinct from homologous recombination (HR). HR is normally active only during G1 and S phases, requires cellular proteins dedicated to it, and requires double-stranded DNA.[@bib39] In contrast, recombination with the oligonucleotide can occur at any time in the cell cycle and in non-dividing cells.[@bib40] Because the mechanism of recombination with the bridging oligonucleotide is distinct, it is called homology-directed repair (HDR). Both HDR and HR (double-stranded targeting vector) are stimulated by double-strand breaks made by Cas9 and sometimes the designation is used interchangeably in the literature, causing lack of clarity.

The limitations of editing with double-strand breaks {#sec6}
====================================================

Even under optimal conditions, HDR at a double-strand break occurs only one-tenth as often as indels.[@bib41] A number of strategies have been used to inhibit indel formation to favor HDR, but none yet has been able to make large changes in the ratio. While indel mutations in an already mutant allele might not seem to matter, these on-target, undesired mutations can convert druggable alleles into non-druggable alleles. With a disease like cystic fibrosis, where small molecule drugs are already effective against specific mutations ([Table 1](#tbl1){ref-type="table"}), converting a majority of a patient\'s druggable alleles to non-druggable nonsense alleles would be a step backward.Table 1The ten most common CF disease alleles.Table 1Allele Frequency[a](#tbl1fna){ref-type="table-fn"}MutationDNA\
ChangeClassCFTR Modulator70%F508deldelCTTdeletionVX-661/VX-770\
VX-809/VX-7702.5%G542XG \> Ttransversion2.1%G551DG \> AtransitionVX-7701.5%N1303KC \> Gtransversion1.3%R117HG \> AtransitionVX-7701.2%W1282XG \> Atransition0.93%R553XC \> Ttransition0.93%621+1G \> TG \> Ttransversion0.86%1717-1G \> AG \> Atransition0.82%3849 + 10kbC \> TC \> TtransitionVX-661/VX-770[^1]

In some cell types, checkpoint is sensitive enough that one Cas9-generated double-strand break leads to activation of p53 and cell cycle arrest or apoptosis.[@bib42], [@bib43], [@bib44] The worry is that stem cells may have sensitive triggers for checkpoint, and thus the very cells that one is most interested in editing might be eliminated by apoptosis.

The precise sequence access afforded by Cas9 can be separated from double-strand breaks by mutating the nuclease domains of Cas9. In what follows, base editors are highlighted as an example of an innovative and imaginative approach which overcomes the limitations posed by indels and checkpoint by accomplishing editing without the mutagenic double-strand breaks.

Base editors: editing without mutagenic double-strand breaks {#sec7}
============================================================

Researchers have used gRNA/Cas9 complexes to deliver other proteins to precise targets in the genome. Cargoes have included transcriptional activators and repressors, epigenetic modifiers and base deaminases. When Cas9 is fused to a base deaminase, these have been termed base editors ([Fig. 4](#fig4){ref-type="fig"}). Base editors have been constructed which can convert C to T, or A to G (through U and I, respectively).[@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53] When targeted to the complementary strand, they convert G to A, or T to C.Figure 4The mechanism of a C to T base editor (BE3 of ^48^). The base editor, consisting of a protein fusion of Cas9, cytidine deaminase and uracil glycosylase inhibitor (UGI), binds to a specific DNA target as shown in [Fig. 2](#fig2){ref-type="fig"}. The RuvC-like nuclease domain of Cas9 is inactivated and thus only the DNA strand paired with the gRNA is cut. The cytidine deaminase is only able to reach the sixth nucleotide on the unpaired strand, and if this base is a cytidine it is deaminated to uracil. The uracil glycosylase inhibitor prevents cellular enzymes from removing the uracil, and the break on the opposite strand stimulates removal of the mis-paired G and thus the templated change to T.Figure 4

A base deaminase can act only on single-stranded DNA, since DNA bases are not accessible in double-stranded DNA. In the gRNA/Cas9/DNA complex, one DNA strand is unpaired and the bases are accessible to the enzyme. If the linker between Cas9 and the deaminase is of an appropriate length, the deaminase can reach only one or a few bases in the unpaired strand. The restriction of deaminase activity to a few unpaired bases in the target sequence combined with the high specificity of the gRNA/Cas9 complex yields off-target mutation frequencies that are below the limit of detection.

In addition to being highly specific, base editors can be remarkably efficient. Base conversion rates can be as high as 80% of alleles, substantially greater than the 30% achieved thus far with double-strand break-mediated HDR.[@bib48], [@bib52] To reach the highest rates of base editing, one DNA strand, the one opposite the edited base, is cut by Cas9 ([Fig. 4](#fig4){ref-type="fig"}). The break on the unedited strand biases mismatch repair such that the base on the cut strand is removed, leaving the edited base to be used as a template.

The DNA single-strand break used to bias mismatch repair incurs a cost in the form of indel formation. However, because single-strand breaks are much less mutagenic than double strand breaks, the indel mutation rate is much lower. This phenomenon is reflected in the ratios of correction to indels. With a Cas9 double-strand break and a bridging oligonucleotide to drive HDR, the ratio of correction to indels is about 1--10. With base editors and a single-strand break, the ratio is the inverse or greater, about 10 to 1 for current C to T base editors and about 200 to 1 for A to G[@bib52]

While base editors are powerful, base editors cannot correct all disease-causing mutations. Base editors only can exchange one purine base for another, or one pyrimidine base for another. Disease-causing mutations are much more diverse, including deletions, insertions and exchanges of purines for pyrimidines ([Table 1](#tbl1){ref-type="table"}). In addition, the extremely high specificity of base editors is currently a limitation. Because the C or A which can be edited must be a precise distance from, and on the same strand as the NGG PAM, only a small subset of C to T and A to G edits are currently feasible. As there has been rapid progress in this area, it is likely that at least some of the limitations of base editors will be overcome.

Other editing technologies {#sec7.1}
--------------------------

In addition to CRISPR/Cas-based systems, there are other approaches to editing. The other nuclease families\--particularly the ZFNs and TALENs\--still are applicable to therapeutic gene editing. In the development of a therapeutic, the time required to program new specificities is not rate-limiting, thus the advantage provided by Cas9 in a research setting is lost.

There is a non-nuclease form of editing, wherein a triple-helix forming oligonucleotide-based clamp binds close to the site of the desired edit, and the edit is directed by a second, single-stranded oligonucleotide.[@bib54], [@bib55], [@bib56] Although the efficiencies of editing achieved by this approach may not yet be as high as needed in a therapeutic setting, it is a promising technology. The clamp approach has significant advantages in that it appears to have greater flexibility than base editors with respect to the classes of mutations (small indels, transition and transversions) it can correct, and it does not convert druggable alleles to non-druggable alleles at a high rate.

CF allele frequencies {#sec8}
=====================

The distribution of CFTR mutant alleles in the patient population is unusual for a recessive genetic disease in that one allele is much more prevalent than others ([Table 1](#tbl1){ref-type="table"}). There are two competing hypotheses for the high prevalence of the F508del mutation. It has been proposed that one copy of F508del provided a survival advantage in the face of an infectious disease, similar to HbS and malaria.[@bib57], [@bib58] As appealing as this idea is, both the disease and mechanism of resistance are hypothetical at this point. Alternatively, it has been suggested that F508del was driven to high frequency by population bottlenecks in Europe.[@bib59] Whatever its origins, the three nucleotides removed by the F508del mutation constrain strategies to correct it\--as pointed out, base editors cannot correct this mutation. On the other hand, an editing approach which does work for this allele can be applied to most CF patients.

The six next most common CFTR mutations are single nucleotide missense or nonsense mutations followed by three single nucleotide splicing mutations ([Table 1](#tbl1){ref-type="table"}). Three of the ten most common mutations are base transversions\--not the transitions which are correctable by base editors. Several hundred other disease-causing mutations are dispersed along the length of the gene and are a diverse set of substitution, insertion and deletion mutations.[@bib2], [@bib60], [@bib61], [@bib62]

Genetic strategies {#sec9}
==================

For many in this field, the greatest promise of gene editing lies in precise correction of disease variants. However, ongoing and proposed clinical trials have focused not on precise corrections, but on insertions and deletions, many carried out with ZFNs and TALENs.[@bib63], [@bib64], [@bib65], [@bib66], [@bib67], [@bib68] With large insertions and deletions of coding sequences, the small indels created by double-strand breaks are less problematic. Small indels are inconsequential, because either the intention is to delete a gene, or to insert DNA into an intron where precise conservation of the target sequence does not matter. Another significant advantage is that one insertion or deletion strategy can be applied to multiple alleles of the same gene.

A single, targeted insertion strategy could be applied to many different CF disease alleles.[@bib69] The goal is to insert coding sequences into an intron in the CFTR gene.[@bib70] The inserted DNA would have a splice acceptor and a continuous open reading frame for the downstream exons. The earlier the intron in the gene, the greater the number of different alleles which could be corrected by this strategy.

A targeted insertion is similar to gene therapy, but has several advantages. The promoter, enhancer and most other cis-acting regulatory sequences derive from the insertion site and thus neither need to be characterized nor incorporated into the incoming DNA. Reduction of the size of the incoming DNA will increase the frequency of insertion. Targeted integration would eliminate the widespread stochastic insertional mutagenesis that occurs with gene therapy. Lastly, insertion into a permissive locus prevents the epigenetic silencing that is seen at some sites with arbitrary insertions.[@bib71], [@bib72], [@bib73]

DNA sequences can be inserted at a double-strand break by three different mechanisms: HDR, HR and NHEJ. The large size of the CFTR coding sequence likely makes the single-stranded DNA vectors necessary for HDR impractical. HR only occurs in G1 or S phase of dividing cells, so HR may be too inefficient for the slowly dividing airway epithelium. Although NHEJ is thought of as the mechanism of closing a double-strand break, it also can be used to insert DNA. In the case of NHEJ-mediated insertion, half of insertions would be inverted relative to the gene. A strategy called homology-independent targeted integration (HITI) has been developed to rescue inverted insertions.[@bib74] In HITI, the Cas9 cleavage target in the genome is added to the incoming DNA in an inverted orientation. If the incoming DNA is inserted in reverse orientation, the two cleavage sites will flank the insertion. If Cas9 is still present, the reversed insertion can be cut out and may re-integrate in the correct orientation. With HITI, insertion in the correct orientation can be as high as nearly 60% of all mutational events.

With a strategy of insertion into an intron, small indels should be benign as long as cis-acting sequences are avoided when choosing the target site. Large deletions, if they do occur, can lead to gene inactivation, but large deletions constitute less than 10% of induced mutations at least in the small number of loci examined thus far in mice.[@bib36]

Since the majority of disease-causing variants are loss-of-function mutations, the utility of deletions for correction is usually either indirect or allele-specific. Indirect correction by deletion of another gene is the current strategy for the globinopathies, which result from mutations to the beta-globin gene. In these diseases, drugs which increase fetal beta-globin lessen disease symptoms. Accordingly, globinopathy deletion strategies inactivate a repressor of fetal globin expression.[@bib75] An allele-specific deletion strategy has been proposed for Duchenne Muscular Dystrophy (DMD).[@bib67] A number of DMD disease-causing mutations cause premature termination. Reading-frame-conserving deletion of the mutated exons allows expression of an internally deleted dystrophin that partially restores function.

For cystic fibrosis, there are both possible allele-specific and indirect approaches which could be taken. There are specific CFTR alleles with intronic mutations that lead to disruption of splicing. Deletion of these mutations has led to restoration of CFTR splicing and function in vitro.[@bib76] However, of the common mutations which affect CFTR splicing ([Table 1](#tbl1){ref-type="table"}), two are 1 base pair from an intron-exon junction ([Fig. 1](#fig1){ref-type="fig"}) and thus are not candidates for correction by deletion. For indirect approaches, it has been proposed that reduced epithelial sodium channel function might restore ion balance in the airway epithelium and ameliorate disease pathology. However, small molecule inhibitors of the sodium channels have not had great success in clinical trials, so it is not clear if genetic deletion will do better.[@bib77]

Correction of mutations can be carried out by HDR or base editors. Of the seven most prevalent CF mutations, one is a three base pair deletion (F508del), two are transversions, and four are transitions ([Table 1](#tbl1){ref-type="table"}). The three base pair deletion and transversions currently can be precisely repaired with Cas9 by generating a double-strand break and utilizing HDR. There are current approved drugs for one of these alleles, and the predominant outcome would be re-mutated alleles which may be non-druggable. The three most common transition mutations are correctable by base editors, in principle. However, the base editors published thus far cannot correct these mutations because the combined requirement for an NGG PAM and an editable base positioned a precise distance from the PAM is too constraining. This constraint will be relaxed if base editors can be combined with Cas9 variants that recognize a greater variety of PAM sequences or lack a PAM requirement. Thus, the therapeutic potential of direct correction of mutated alleles is limited currently due to indels converting druggable alleles to non-druggable alleles, and the limited sequence addressability of base editors. However, improvements in the specificity and activity editors have occurred at a steady rate, and by the time that delivery vehicles have been developed, perhaps these problems will have been solved.

Achieving persistent correction {#sec10}
===============================

Part of the appeal of gene editing lies in the possibility of a single treatment which ameliorates patient health without need for subsequent treatments. Fulfilling this goal for cystic fibrosis likely will require correcting sufficient numbers of stem cells to sustain long term functional restoration of the airway epithelium.

The airway is covered by a stratified epithelium consisting of multiple different cell types ([Fig. 5](#fig5){ref-type="fig"}). Most apical airway epithelial cells turn over slowly, with some localized populations turning over more rapidly.[@bib78], [@bib79], [@bib80] Both long- and short-lived apical cell types derive from stem cells located more basally in the stratified epithelium ([Fig. 5](#fig5){ref-type="fig"}).[@bib79], [@bib80], [@bib81] After injury, apical airway epithelial cells regenerate from basal stem cells.[@bib78], [@bib79] If injury results in severe depopulation, apical club cells can dedifferentiate to become stem cells.[@bib78] In the lifetime of a treated patient, it is reasonable to assume that, between normal turnover and injuries due to infection or physical insult, replacement and regeneration of apical epithelial cells from basal stem cells will occur. Thus, for long term functional restoration from a single treatment, gene editing needs to be targeted to the basal stem cells.Figure 5The airway epithelium and stem cell hierarchy (modified from Montoro et al[@bib80]). The airway epithelium is a stratified epithelium with apical club, ciliated, goblet, tuft, ionocyte, pulmonary neuroendocrine cells (PNEC) as well as basal cells. The basal cells are stem cells which produce all apical cell types. Club cells are progenitor cells for goblet and ciliated cells. Under conditions of severe depopulation, club cells can dedifferentiate to basal stem cells (dotted arrow).Figure 5

The apical cells are relatively accessible to airborne delivery vehicles, but basal cells normally are not. The more abundant, thicker mucus, infection and inflammation of CF pathology present additional challenges to delivery from the airway.

Apical airway cells consist of several different types including ionocytes, which have much higher CFTR expression than other epithelial cells.[@bib80], [@bib82] Like other apical cells, ionocytes descend from basal stem cells. Thus, if correction in basal stem cells can be accomplished, then all apical cell types, including ionocytes, should have function restored. However, it is not clear how many ionocytes or other cell types need to have CFTR corrected to restore function.

Delivering to stem cells {#sec11}
========================

Gene therapy for treatment of the cystic fibrosis lung has been an active area of research. Advances made with delivery vehicles for gene therapy can inform development of delivery vehicles for gene editing. It is important to note that the cargoes for gene therapy and gene editing likely will differ. Gene therapy delivers DNA with the goal of the introduced DNA persisting. In gene editing the gene editor need only be present long enough to accomplish the correction. Of course, in targeted insertion of large open reading frames, DNA would also be part of the cargo. Likewise, in strategies utilizing HDR an oligo would be included. However, with some strategies like deletion, base editing or oligo clamps, the cargo would not necessarily include DNA. Perhaps the ideal cargo would be RNPs composed of the Cas9 and guide RNA. The different cargoes make new demands on the delivery vehicles but may also lessen some of the constraints, particularly removing the need to transduce large DNA molecules.

The delivery vehicles for gene therapy have included diverse viral and non-viral vectors. Viral vectors have included adeno-associated virus, adenovirus, lentivirus, pseudotyped Sendai virus and others.[@bib83], [@bib84], [@bib85], [@bib86], [@bib87], [@bib88] These viral vectors have transduced apical cells for the most part and have had limited efficiency at transducing basal stem cells. Because of the difficulty of transducing basal cells, gene therapy for CF has largely been predicated on repeat administration. Repeat administration leads to the possibility of immune responses developing to the therapeutics. There has been some progress recently transducing basal cells with adenoviruses when co-administered with a surfactant.[@bib89], [@bib90]

Clinical trials of nebulized aerosol delivery of liposomes were carried out but demonstrated little efficacy.[@bib90], [@bib91] Pre-clinical research has made some advances in non-viral penetration of mucus.[@bib92] However, thus far, non-viral delivery has not been much more successful than viral means in transducing basal stem cells.

Lifelong administration of gene editors to treat CF likely will be a non-starter by the time gene editing is more mature, and so the goal will need to be a single administration that targets enough stem cells to populate the airway and restore function throughout the lifespan.

Tools and knowledge to advance single treatment gene editing {#sec12}
============================================================

Specific tools and knowledge are needed to advance gene editing into therapeutic use. First and foremost, improved editors are needed. An ideal editor would not generate mutagenic double strand breaks, nor would it require the transduction of DNA. The base editors and oligo-clamp editors fulfill these requirements but are limited in the mutations they can correct. However, rapid evolution of editors, particularly the base editor class, likely will correct these deficits.

There is a need for delivery vehicles which can efficiently transduce airway basal stem cells. Given that only a minority of short-lived apical cells\--ionocytes\--may be the locus of airway disease, the delivery systems need to transduce their lineal precursors. There are some vehicles, like adenovirus co-administered with surfactant, which appear to have had some success, but there is much room for improvement.

A greater understanding of the lineal relationships and localization of the different airway cell populations is needed with a definite understanding of which cells need to be corrected to restore function. The understanding of lineage hierarchies and function need to include all developmental stages, the effect of cystic fibrosis on hierarchies and function, and the effect of other challenges to the airway.

There is a great need for animal models which report on gene editing. With such animals, the vehicles, editors, conditions and stages that yield persistent corrected cells can be identified. Ideally, editing reporter animals would report on editing that occurred in stem cells, since these are of the greatest interest. With editing reporter animals, delivery vehicles and editors can be rapidly improved.

Experiments to address when in the life-cycle the most benefit can accrue from gene editing are also necessary. Can treatment earlier, perhaps at fetal stages, yield the highest rates of restoration of health? There is reason to think that transduction at fetal stages may transduce more organs, may be more efficient and may give greater persistence.[@bib93], [@bib94], [@bib95]

Lastly, animals are needed which can demonstrate functional restoration by editing, in the presence of CF pathology. With the continued development of effective small molecule therapeutics for CF, the bar for translation will be higher, and will likely require the restoration of health in an animal model which has representative pathology and anatomy.

Conclusions and future directions {#sec13}
=================================

We have presented here what we believe is a reasonable path toward somatic gene editing for the treatment of cystic fibrosis. Animal models are likely to play a much larger role in the translation of gene editing to the clinic than they did for small molecule drugs. For the development and refinement of delivery vehicles, animal models that accurately and sensitively report on gene editing events will be needed. And for translation from pre-clinical research to the patient, animal models that model the challenges of pathology, and can be used to demonstrate functional restoration and amelioration of pathology will be needed. Although there is much to be done there is reason to be optimistic, since the hurdles appear to be well-defined and addressable.
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[^1]: Data from the CFTR2 project.[@bib62]
